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•  La9.33Si6_xAlx026-x/2nx/2  oxyapatite  is  studied  for  applications  in  SOFCs. 

•  The  conductivity  for  Al-doped  oxyapatites  increased  with  the  A1  content  increase. 
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•  The  ionic  conductivity  of  La9.33Si5Ali025.5  reaches  5  x  1CT3  S  cnrr1  at  750  °C. 


ARTICLE  INFO 


ABSTRACT 


Article  histoiy: 

Received  23  May  2014 
Received  in  revised  form 
17  July  2014 
Accepted  21  July  2014 
Available  online  4  August  2014 


Keywords: 

Oxyapatites 

Doped  lanthanum  silicate 
Solid  oxide  fuel  cells 
Ionic  conductivity 
Impedance  spectroscopy 
Anionic  vacancies 


Al-doped  oxyapatite-type  lanthanum  silicates  La9.33Si6_xAlx026-x/2nx/2  (x  =  0,  0.4,  0.8  and  1)  powders 
have  been  prepared  by  the  solid  state  reaction  at  high  temperature  in  order  to  determine  the  influence  of 
anionic  vacancies  on  the  electrical  properties  of  the  material.  The  crystal  structure  and  properties  of 
La9.33Si6-xAlx026-x/2Dx/2  powders  have  been  studied  by  X-ray  diffraction  (XRD)  patterns,  magic-angle 
spinning  nuclear  magnetic  resonance  (MAS-NMR)  technique  and  complex  impedance  analysis.  All  the 
compounds  of  La9.33Si6_xAlx026-x/2nx/2  oxyapatites  doped  with  Al3+  consist  of  a  hexagonal  structure  with 
a  P63/m  space  group.  Lanthanum  silicates  doped  with  trivalent  Al3+  have  a  higher  conductivity  than 
those  without  trivalent  Al3+  at  the  Si4+  site.  The  extra  oxygen  0(4)  atoms  in  site  2a  (0,  0,  0.25)  occupy 
channels  running  through  the  structure  that  are  responsible  for  the  high  oxygen  ion  conduction. 
However,  A1  substitution  seems  to  produce  oxygen  vacancies  and  create  another  pathway  for  oxide  ions. 
The  expansion  of  the  channels  (La(l)— 0(4)  distance)  leads  to  an  increase  in  the  conductivity.  For  the  best 
sample  (x  =  1),  the  conductivity  observed  was  5  x  10-3  S  cm-1  at  750  °C. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxyapatite  lanthanum  silicates  have  attracted  great  attention  as 
candidates  for  intermediate  temperature  electrolytes  of  solid  oxide 
fuel  cells  (SOFCs),  due  to  their  low  operating  temperature  of  less 
than  600-800  °C,  excellent  long-term  stability,  a  wide  range  of 
material  selection  and  a  relatively  low  processing  cost  1-5  . 
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The  oxyapatite  structure  consists  (Fig.  1 )  of  isolated  and  covalent 
silicate  tetrahedrons  which  form  the  “rigid”  part  of  the  structure 
[6,7  .  The  La(l)  cations  are  located  in  a  seven  coordinate  site 
(named  6h)  and  form  a  channel  along  the  “c”  axis.  The  La(2)  cations 
are  located  in  a  nine  coordinate  site  (named  4f)  between  each  ionic 
plane  of  the  structure.  The  0(4)  (2a)  anions  are  located  in  the 
channels  formed  by  the  La(l)  cations  and  are  responsible  for  the 
good  ionic  conductivity  of  this  structure.  The  framework  exhibits 
channels  along  the  c-axis  where  oxide  ions  migrate  to  [8-10].  In 
the  literature,  the  oxyapatite  structure  has  usually  been  shown  to 
have  hexagonal  symmetry,  and  to  crystallize  in  the  P63/m  space 
group  [6,11-13]. 

Doping  cations  with  a  relatively  low  valence  for  the  Si  site  helps 
increase  the  conductivity  of  oxyapatite  lanthanum  silicates.  For 


204 


A.  Inoubli  et  al.  /  Journal  of  Power  Sources  271  (2014)  203—212 


Fig.  1.  Structure  of  the  oxyapatite-type  compound,  La9.33Si6026  showing  Si04  tetra¬ 
hedrons  and  La-0  channels. 


example,  Yoshioka  et  al.  [14]  found  that  the  conductivity  of 
oxyapatite-type  LaioSie027  compounds  is  enhanced  by  the  doping 
of  Mg2+.  In  addition,  doping  trivalent  cations  such  as  Al3+  and  Ga3+ 
for  the  Si4+  site  has  also  a  positive  effect  on  conductivity  15,16]. 
Recently,  aluminum-doped  lanthanum  silicates  with  Al  doping 
onto  the  Si  site  have  attracted  much  attention  due  to  their  better 
properties  [17—20].  However,  the  influence  of  the  different  Al 
doping  amounts  on  Lag.33Si6026  has  seldom  been  systematically 
studied.  In  order  to  complete  the  lanthanum  silicates  system,  a 
series  of  oxyapatite-type  Lag.33Si6-xAlx026-x/2l=lx/2  (*  =  0, 0.4, 0.8  and 
1)  compounds,  synthesized  by  the  solid  state  reaction  method 
[10,12,21-23]. 

In  this  report,  the  crystal  structure  of  lanthanum  silicate  was 
studied  by  XRD  patterns.  The  MAS-NMR  technique  is  very  sensitive 
at  the  local  level,  thus  allowing  the  differentiation  of  the  different 
environments.  A  Rietveld  analysis  was  carried  out  using  the  XRD 
patterns  of  the  synchrotron  radiation  to  refine  the  lattice  parameter 
and  the  Al3+  occupation  sites  24  .  In  this  study  an  attempt  has  been 
made  to  control  the  mobility  of  oxygen  0(4)  ions.  In  all  these 
samples  the  amount  of  cationic  vacancies  was  maintained  close  to 
0.67  per  lattice  unit.  The  relationship  between  the  crystallographic 
parameters  and  the  conductivities  when  performing  the  Al 


substitution  is  reported  here  in  order  to  discuss  the  mobility  of  the 
oxide  ions  within  this  structure. 

2.  Experimental 

The  series  of  Lag.33Si6-xAlx026-x/2l=lx/2  (*  =  0,  0.4,  0.8  and  1) 
compounds  was  synthesized  via  the  high  temperature  solid  state 
reaction  using  the  lanthanum  oxide  La203(Sigma-Aldrich, 
Purity  =  99%),  silicon  Si02  (Sigma-Aldrich,  Purity  >  99%),  and 
metakaolinite  S4AI4O14,  which  was  prepared  by  heating  kaolinite 
Si4Al40io(OH)s  with  a  high  purity  (Caobar,  spain)  at  850  °C  for  2  h  in 
air  as  a  secondary  source  of  Si  and  Al.  In  order  to  attain  complete 
decarbonation  and  dehydroxylation,  precalcining  of  La203  powder 
was  performed  at  1000  °C  for  1  h  before  weighing. 

The  XRD  patterns  of  the  oxyapatite  were  measured  with  a 
Bruker  D8  ADVANCE  diffractometer  using  CuKoq  radiation 
(ACukai  =  1.5406  A).  The  total  measurement  time  was  approxi¬ 
mately  7  h  per  pattern  so  as  to  have  good  statistics  over  the  10-110° 
(2 0)  angular  range,  with  a  0.0197  step  size.  Rietveld  refinements  of 
the  XRD  patterns  were  performed  using  FULLPROF  software  [25]. 
The  29Si  and  27A1  MAS-NMR  spectra  were  recorded  using  a  Bruker 
MSL400  (9.4T)  spectrometer  operating  at  79.49  MHz  for  29Si  and 
104.26  MHz  for  27A1. 

Finally,  the  electrical  measurements  of  real  and  imaginary 
components  of  the  impedance  parameters  (Z'  and  Z)  were  made 
over  a  wide  range  of  temperatures  (400-750  °C),  with  a  cooling 
rate  of  5°C  min-1  and  a  stabilization  time  of  10  min  between 
consecutive  measurements  and  a  frequency  of  (10  Hz-13  MHz),  by 
means  of  a  Hewlett  Packard  HP  41 92 A  impedance  analyzer.  The 
pellet  samples  were  obtained  by  applying  6500  kg  cm-2  of  pres¬ 
sure,  followed  by  sintering  at  1450  °C  for  2  h.  Electrodes  were  made 
by  coating  opposite  faces  of  the  pellets  with  conductive  silver  paint 
and  firing  them  at  450  °C  to  eliminate  the  organic  components  and 
harden  the  Ag  residue. 

3.  Results  and  discussion 

3.1.  XRD  results 

The  XRD  patterns  of  the  kaolinite  and  metakaolinite  (kaolinite 
heating  at  850  °C)  are  shown  in  Fig.  2.  The  kaolinite  is  identified  by 
its  first  reflection  at  12°  (2(9).  Metakaolinite  is  an  almost  pure 
kaolinite  material,  with  the  presence  of  an  amount  of  quartz  (Si02) 
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Fig.  2.  XRD  patterns  of  kaolinite  and  metakaolinite  (kaolinite  calcinated  in  air  at  850  °C). 
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which  is  identified  by  a  peak  at  around  26°  {20)  [26,27].  When 
kaolinite  loses  structural  water,  the  peaks  disappeared  indicating 
the  appearance  of  metakaolinite,  its  XRD  pattern  becomes  charac¬ 
teristic  of  an  amorphous  phase  (metakaolinite)  [26-29  ,  consti¬ 
tuted  of  lamellar  particles.  XRD  patterns  of  the  analyzed  samples  of 
La9.33Si6— xA1x026-x/2dx/2  (x  =  0,  0.4,  0.8  and  1 )  are  given  in  Fig.  3.  All 
samples  exhibited  sharp  diffraction  peaks  indicative  of  well- 
crystallized  phases.  The  main  phase  was  oxyapatite  with  a  very 
small  amount  of  the  lanthanum  silicate  l^S^Oy  as  a  secondary 
phase,  for  x  =  0.  Peak  positions  were  in  good  agreement  with  the 
JCPDS  file  No.  01-074-2986  of  the  Lag.33Si6026  phase  (Space  Group 
P-3  (No.  147)).  The  sample  symmetry  used  for  the  refinement  was 
P63/m  (No.  176). 

The  structural  study  using  the  Rietveld  technique  is  shown  in 
Fig.  4,  it  shows  a  good  agreement  (blue  line)  between  the  experi¬ 
mental  (red  star)  and  calculated  diagrams  (black  star).  The  refined 
atomic  positions  of  the  Lag.33  (SiO^C^  compound  are  similar  to 
those  proposed  by  Leon-Reina  [8  ,  Masubuchi  10],  Okudera  [13] 
and  Iwata  [30  .  As  shown  in  Fig.  1,  the  oxide  ions  occupy  four 
different  sites,  three  of  which  are  located  close  to  the  Si  site  (0(1) 
(6h),  0(2)  (6h),  0(3)  (12i)  with  one  oxide-ion  site  located  at  the 
corner  of  the  unit  cell  (0(4)  (2a)).  Refinement  of  the  relative  site 
occupancies  suggested  values  of  0.83  and  0.17  for  La  (2)  and  the 
vacancy  respectively.  Final  Rietveld  refinements  showed  good  fig¬ 
ures  of  merit  with  a  goodness  of  fit  (x2)  ranging  between  3.47  and 
5.38.  Refined  unit  cell  parameters,  occupations  and  the  atomic 
positions  are  given  in  Table  1.  Lanthanides  La  (1)  and  La  (2)  were 
distributed  along  the  6h  and  4f  sites  respectively  and  the  O  (4) 
anion  along  the  2a  site.  The  occupancies  were  initially  taken  in 
order  to  refine  the  sub-stoichiometric  oxygen  composition  where 
the  La  (1)  cations  are  completely  occupied.  Indeed,  cationic  va¬ 
cancies  of  these  four  oxyapatite  compounds  are  preferably  located 
in  the  La(2)  (4f)  site.  The  occupancy  rate  of  Si  ranges  from  1  (x  =  0) 
to  0.83  (x  =  1 )  and  that  of  Al  ranges  from  0  (x  =  0)  to  0.17  (x  =  1 ),  this 
difference  is  related  to  the  aluminum  that  was  chosen  to  substitute 
the  6h  site  of  Si  in  the  Lag.33Si6-xAlx026-x/2ax/2  (x  =  0.4,  0.8  and  1 ) 
compounds.  The  0(4)  site,  located  in  large  conduction  channels,  has 
an  occupancy  rate  which  varies  according  to  the  stoichiometry  of 
the  oxyapatite  and  which  is  equal  to  0.9  for  x  =  0.4,  0.8  for  x  =  0.8 
and  0.75  for  x  =  1.  Anionic  vacancies  of  the  compounds  for  sub- 
stoichiometric  oxygen  are  located  in  the  0(4)  sites. 

The  oxyapatite  compounds  studied  in  this  paper  are  built  from 
isolated  [TO4]  tetrahedrons  (where  T  is  Si  or  Al)  with  a  mean  T-0 
distance  of  1.618  A  and  a  mean  O-T-O  angle  of  109.36°  ( fable  2). 


Whereas  the  average  values  for  the  O-T-O  angles  for  all  samples 
are  very  close  to  the  ideal  value  of  109.36°,  individual  O-T-O  an¬ 
gles  range  from  100.2°  to  119°.  The  spread  in  the  individual  T-0 
distances  and  O-T-O  angles  is  small,  corresponding  to  an  essen¬ 
tially  regular  tetrahedral  coordination.  The  La  cations  are  distrib¬ 
uted  among  two  crystallographically  different  positions.  La(l)  (6h 
Wyckoff  site)  is  bound  to  seven  oxygen  atoms,  whereas  La(2)  (4f 
Wyckoff  site)  has  nine  close  oxygen  neighbors  up  to  3.028  A  away. 
The  bond  lengths  between  the  6h  site  and  said  oxygen  atoms  range 
from  2.306  (6h-0(4)),  for  x  =  0.4,  to  2.315  A  (6h-0(l))  for  x  =  1. 
The  0(4)  atoms,  or  free  oxygen,  aren't  linked  to  any  of  them  (La(l) 
and  La(2)),  but  the  La(l)-0(4)  distance  built  the  large  conduction 
channel. 

3.2.  29Si  and  Al  MAS  NMR  spectroscopic  study 

For  a  better  understanding  of  the  process  for  the  formation  of 
the  oxyapatite  structure,  29Si  and  27A1  MAS  NMR  spectroscopy  was 
used  (Figs.  5  and  6),  where  the  substitution  of  Si4+  by  Al3+  was 
made  with  the  aim  to  increase  the  amount  of  anionic  vacancies 
(cannot  avoid  some  Al  in  the  La).  The  29Si  MAS-NMR  spectra  of  Al- 
doped  oxyapatite  samples  exhibit  four  peaks  at 
approximately  -77.6,  -79.4,  -81.3  and  -85.5  ppm  and  which  were 
attributed  to  the  different  environments  of  silicon  (Fig.  5).  Four 
peaks  were  present  for  sample  x  =  0  devoid  of  Al,  two  peaks  for 
x  =  0.4  and  0.8,  and  only  one  peak  for  the  sample  with  a  very  large 
amount  of  Al  or  with  large  amounts  of  anionic  vacancies  (x  =  1 ). 
Two  overlapping  peaks  at  -77.6  and  -79.4  ppm  corresponding  to 
[SiC>4]  tetrahedrons  of  the  Q°  type,  while  those  at  -81.3 
and  -85.5  ppm  seem  to  be  due  to  [Si04]  tetrahedrons  of  Q1  type 
[31-34].  The  same  features  for  apatite-type  silicates  were  reported 
by  Sansom  et  al.,  who  suggest  that  they  correspond  to  local  dis¬ 
tortions  caused  by  the  presence  of  cationic  vacancies  and  intersti¬ 
tial  oxide  ion  defects  [33  .  Especially  in  the  case  of  sample  x  =  0,  the 
main  peak  is  slightly  shifted  to  the  left,  may  be  due  to  the  presence 
of  an  additional  peak  detected  in  the  XRD  patterns  and  that  cor¬ 
responds  to  the  La2Si207  secondary  phase.  The  29Si  MAS  NMR 
spectra  show  a  signal  at  -77.6  (x  =  0)  or  -78.1  ppm  (x  =  0.4,  0.8  and 
1 ),  which  characterizes  the  oxyapatite  phase,  which  agrees  with  the 
XRD  patterns.  The  27A1  NMR  spectra  (Fig.  6)  for  all  samples  contain 
one  intense  peak  at  76.72  ppm,  characteristic  of  Al  in  tetrahedral 
coordination  [AIO4]  and  another  much  less  intense  located  at 
11.6  ppm,  corresponding  to  octahedral  [AlOe]  units.  This  observa¬ 
tion  is  in  agreement  with  the  suggested  substitution  of  silicon  by  AL 
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Fig.  3.  XRD  patterns  of  La9.33Si6_xAlx026-x/2i:ix/2  A  =  0.  0.4,  0.8  and  1 ). 
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Fig.  4.  Rietveld  plot  of  1^9.33Si6_xAlx026-x/2Dx/2  (x  =  0, 0.4, 0.8  and  1 ),  experimental  (red  star),  calculated  (black  star)  and  difference  (blue  line).  (For  interpretation  of  the  references  to 
colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Cell  and  atomic  parameters  of  La933Si6_xAlx026-x/2ax/2  (*  =  0.  0.4,  0.8  and  1 ). 


X 

0 

0.4 

0.8 

1 

a(A) 

9.7271 

9.7159 

9.7193 

9.7186 

c(A) 

7.1917 

7.1949 

7.2048 

7.2045 

La(l)„(x,y,0.25) 

X 

0.0132 

0.0140 

0.0148 

0.0131 

y 

0.2444 

0.2441 

0.2447 

0.2445 

La(2),4f,  (0.33,  0.66,  z] 
z 

) 

0.0034 

0.0048 

0.0037 

0.0023 

Occupancy 

0.83 

0.83 

0.83 

0.83 

(Si/Al),6h,(x,y,0.25) 

X 

0.4040 

0.4042 

0.4036 

0.4015 

y 

0.3701 

0.3762 

0.3681 

0.3676 

Occupancy 

1 

0.93/0.07 

0.87/0.13 

0.83/0.17 

0(l),6h,(x,y,0.25) 

X 

0.3302 

0.3202 

0.3330 

0.3206 

y 

0.4870 

0.4710 

0.4880 

0.4901 

0(2),  6h,(x,y,  0.25) 

X 

0.5347 

0.5242 

0.5310 

0.5278 

y 

0.1280 

0.1330 

0.1260 

0.1270 

0(3),12i,(x,y,z) 

X 

0.3496 

0.3265 

0.3448 

0.3401 

y 

0.2545 

0.2512 

0.2630 

0.2515 

z 

0.0702 

0.0734 

0.0816 

0.0665 

0(4), 2a, (0,0, 0.25) 

Occupancy 

1 

0.9 

0.8 

0.75 

Rb 

3.09 

6.33 

5.93 

4.95 

Rf 

2.17 

5.09 

4.2 

4.78 

Goodness  of  fit 

5.38 

5 

3.47 

3.54 

The  peak  at  76.7  ppm  may  be  related  to  the  incorporation  of  Al  into 
Si  sites  in  the  formed  apatite.  The  29Si  MAS-NMR  study  of  the 
samples  showed  the  presence  of  a  main  component  which  was 
detected  at  -78  ppm,  shifted  for  sample  x  =  0  and  which  could  be 
due  to  the  presence  of  a  secondary  phase.  The  27A1  MAS-NMR  study 
of  the  samples  showed  the  existence  of  Al  in  the  tetrahedral  site  by 


Table  2 

Interatomic  distance  (A)  and  angles  (°)  of  Lag  33Si6_xAlx026-x/2|:ix/2  (x  =  0, 0.4, 0.8  and 
1). 


X 

0 

0.4 

0.8 

1 

La(l)  (6h) 

La— 0(1) 

2.7916 

2.6730 

2.8006 

2.7377 

La— 0(2) 

2.5786 

2.4729 

2.5362 

2.4959 

La— 0(3)(x2) 

2.4497 

2.4358 

2.5387 

2.4330 

La— 0(3)(x2) 

2.6128 

2.5918 

2.6446 

2.6000 

La— 0(4) 

2.3158 

2.3067 

2.3098 

2.3152 

Mean 

2.5444 

2.5011 

2.5733 

2.5164 

La(2)  (4f) 

La— 0(l)(x3) 

2.5139 

2.5972 

2.5201 

2.4600 

La— 0(2)(x3) 

2.4912 

2.4747 

2.5082 

2.5141 

La— 0(3)(x3) 

2.9162 

3.0285 

2.9035 

2.8975 

Mean 

2.6404 

2.7001 

2.6439 

2.6238 

T  (Si/Al)(6h) 

T-O(l) 

1.6216 

1.5070 

1.6213 

1.7238 

T— 0(2) 

1.5753 

1.7234 

1.6118 

1.6649 

T— 0(3)(x2) 

1.6191 

1.6561 

1.5028 

1.6443 

Mean 

1.6087 

1.6356 

1.5596 

1.6693 

Angles 

0(1 )— T— 0(2) 

113.2 

119 

109.8 

111.3 

0(1)— T— 0(3) 

109.4 

105.1 

109.5 

109.9 

0(2)— T— 0(3) 

109.6 

112.8 

110.1 

109.3 

0(3)— T— 0(3) 

106.0 

100.2 

107.6 

107.0 

Mean 

109.55 

109.28 

109.25 

109.37 

the  presence  of  a  component  at  76.7  ppm.  This  observation  is  in 
agreement  with  the  suggested  substitution  of  Al3+  into  the  Si4+  site. 

3.3.  Ionic  conductivity 

Fig.  7  shows  the  complex  impedance  plots  (-Z'vs  Z')  of  the 
Lag.33Si6026  sample  pellet  sintered  at  1450  °C  and  its  corresponding 
equivalent  circuit  used  to  obtain  the  resistance  and  capacitance  of 
each  contribution.  The  equivalent  circuits  consisted  of  a  serial  as¬ 
sociation  of  (R// CPE)  elements  attributed  to  electrolyte  or  electrode 
processes:  Grain  resistance  (R\),  grain  boundary  resistance  (R2), 
grain  capacitance  (CPEi)  and  grain  boundary  capacitance  (CPE2), 
where  R  is  resistance  and  CPE  is  a  Constant  Phase  Element.  The 
impedance  curves  consist  of  a  semicircle  shifted  from  the  origin, 
and  not  centered  on  the  real  axis.  When  the  temperature  increases, 
the  semicircle  associated  with  the  relaxation  phenomena  due  to  the 
bulk  at  high  frequency  almost  disappears.  It  is  difficult  to  separate 
the  contributions  between  400  and  450  °C  associated  with  the  bulk 
and  grain  boundary  respectively  at  high  and  intermediate  fre¬ 
quency.  Only  a  semicircle  is  observed,  which  corresponds  to  the 
total  resistance  of  the  material.  The  relaxation  frequencies  of  the 
bulk  and  the  grain  boundary  are  very  close,  which  explains  the 
overlap  of  the  two  contributions.  The  impedance  response  of  this 
oxyapatite  consists  of  two  semicircles:  One  semicircle  at  high 
frequency  (2  x  105-13  x  106  Hz)  attributable  to  the  bulk  (b), 
and  another  one  appearing  at  an  intermediate  frequency 
(10-2  x  105  Hz),  corresponding  to  the  grain  boundary  (gb).  The 
contribution  at  a  low  frequency  of  under  102  Hz  (response  of  the 
electrode  interface),  is  not  fully  observed  in  this  case.  As  shown  in 
Fig.  7,  for  the  impedance  curves  from  650  °C,  the  grain  boundary 
resistance  increases  visibly  with  the  increase  in  temperature;  this 
suggests  considerable  grain  boundary  contribution  to  the  total 
resistance  of  the  oxyapatite  electrolyte  at  high  temperatures.  Fig.  8 
shows  the  variation  in  the  conductivity  of  the  bulk  and  grain 
boundary  in  a  temperature  range  of  550-700  °C.  For  this  sample, 
and  temperatures  650  and  700  °C,  the  bulk  conductivity  is  higher 
than  that  of  the  grain  boundary.  At  700  °C,  there  is  a  difference  of  a 
factor  of  about  2.5  between  the  measured  conductivity  of  the  bulk 
(at  =  1.8  x  10-3  S  cm-1)  and  the  grain  boundary 

((7gb  =  7.2  x  10-4  S  cm-1).  In  addition,  the  activation  energy  of  the 
bulk  (Ea b  =  1.5  eV)  is  higher  than  that  of  the  grain  boundary 
(£agb  =  0.86  eV).  Thus,  the  conductivity  of  the  oxyapatite  appears 
limited  by  the  conductivity  of  the  grain  boundary.  From  700  °C, 
only  a  contribution  of  the  electrodes  is  observed  for  sample  x  =  1 
(Fig.  9). 

Fig.  9  shows  the  impedance  plots  of  the  La9.33Si6-xAlx026-x/2|=|x/2 
(x  =  0.4,  0.8  and  1)  samples  at  different  temperatures.  The 
impedance  spectra  in  the  400-750  °C  temperature  range  forx  =  0.4 
and  x  =  0.8  consist  of  two  semicircles,  one  at  high  frequency  due  to 
the  bulk  and  another  one  at  an  intermediate  frequency  attributable 
to  the  grain  boundary.  For  x  =  1,  and  in  the  450-600  °C  tempera¬ 
ture  range,  the  impedance  spectra  consists  of  three  semicircles,  one 
semicircle  attributed  to  the  bulk  response  followed  by  a  second  one 
attributed  to  the  grain  boundary  response,  and  a  third  one  at  low 
frequency  attributed  to  the  electrode  interface.  The  impedance 
spectra  registered  between  550  and  750  °C  appears  as  an  inductive 
contribution  at  high  frequency.  However,  at  different  temperatures, 
the  (x  =  1 )  sample  has  semicircles  which  are  smaller  than  for  other 
samples,  which  shows  the  enhancing  conductivity.  The  enhance¬ 
ment  of  the  conductivity  is  based  on  the  substitution  of  lower 
valence  cations  such  as  Al3+. 

Indeed,  Abram  et  al.  [35]  have  explained  the  improvement  of  the 
conductivity  as  a  function  of  the  Al3+  doping  by  the  optimization  of 
the  number  of  vacancies  in  the  La  site.  However,  the  authors  of 
Ref.  [36]  underlined  a  significant  reduction  of  the  positive  charge 
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Fig.  5.  29Si  NMR  MAS  spectra  of  La9.33Si6-xAlx026-x/2nx/2  (x  =  0,  0.4,  0.8  and  1 ). 


on  the  tetrahedron  site  that  may  affect  the  local  distortion  of  Si04 
tetrahedrons  and  thus  have  a  large  effect  on  the  migration  of  oxide 
ions.  The  conductivity  of  the  material  is  the  inverse  of  the  sum  of 
the  bulk  resistance  and  the  grain  boundary  resistance.  The  total 
resistance  is  obtained  as  the  resistance  value  at  the  intercept  with 
the  real  axis.  The  conductivity  data  for  the  oxyapatite  can  be  con¬ 
verted  from  the  total  resistance  data,  R,  through  the  following 
equation: 

e  1 
a  =  SR 

where  e  is  the  sample  thickness,  S  is  the  pellet  surface  area  and  R  is 
the  total  resistance. 

When  the  conductivity  values  for  undoped  oxyapatite  (x  =  0) 
were  compared  with  those  in  the  literature  (between  a  =  3  x  10  3 
to  1.1  x  1CT4  S  cnrT1)  at  700  °C  according  to  [6,7,15,37,38]),  the 
results  were  found  to  be  consistent  with  what  has  been  reported  in 
the  literature  {a  =  7.4  x  1CT4  S  cm-1)  at  700  °C.  However,  migration 
of  oxide  ions  is  an  interstitial  mechanism  [39].  The  presence  of 
cationic  vacancies  (0.67)  promotes  the  relaxation  of  SiCH 


tetrahedrons  to  this  empty  position  lanthanum,  and  oxygen 
migration  is  favored  in  the  doped  samples  [39  . 

Fig.  10  shows  the  Arrhenius  plots  of  ln(c>T)  vs  1000  T-1  for  the 
conductivity  of  the  different  samples  at  different  temperatures. 
Identical  slopes  are  observed  for  these  samples  (x  =  0.4,  0.8  and  1), 
which  results  in  similar  activation  energies  (Ea  is  between  0.946 
and  0.8  eV),  confirming  the  same  mechanism  of  conduction.  The 
activation  energy  does  not  change  linearly  with  the  doped 
aluminum  content.  For  oxyapatites,  Islam  et  al.  [40]  showed  that  a 
vacancy  mechanism  is  characterized  by  a  high  activation  energy 
(>1.1  eV),  while  the  migration  of  the  interstitial  oxygen  is  linked  to 
a  lower  activation  energy,  near  0.7  eV  7,38,41  .  The  conductivity  of 
oxyapatite  compounds  increases  with  the  doped  aluminum  con¬ 
tent  in  the  structure.  However,  when  trivalent  Al3+  is  substituted 
for  tetravalent  Si4+,  more  oxygen  vacancies  are  generated  in  order 
to  keep  a  charge  balance  of  the  crystal  structure,  and  in  this  case  the 
carriers  contain  both  cationic  and  oxygen  vacancies  collectively, 
which  consequently  improves  the  conductivity.  As  can  be  seen 
from  Fig.  11  conductivity  and  the  La(l)-0(4)  distances  increase  by 
increasing  the  Al  content.  This  indicates  that  the  conduction  is 
provided  by  the  increase  in  the  La(l  )-0(4)  distance,  facilitating  the 
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Fig.  6.  27A1  NMR  MAS  spectra  of  l3L933SiQ_xA\x026-xi2axi2  ( x  =  0.4,  0.8  and  1 ). 
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Fig.  7.  Impedance  plots  and  corresponding  equivalent  circuit  of  La9.33Si6026. 


02~  ion  migration  and  thus  enhancing  the  conduction.  The  con¬ 
ductivity  decreases  from  the  sample  where  x  =  0  to  the  sample 
where  x  =  0.4,  as  this  distance  decreases  very  rapidly.  This  can  be 
explained  by  a  possible  change  in  the  conduction  mechanism 
which  is  confirmed  by  the  decrease  of  the  activation  energy  (from 
1.4  to  0.93  eV).  The  insertion  of  the  aluminum  structure,  extends 
this  distance  and  improves  the  conductivity  from  x  =  0.4  to  x  =  1. 
The  presence  of  some  oxygen  vacancies  seems  to  be  favorable  to  the 
conduction.  However,  the  undoped  oxyapatite  (x  =  0) 

{a  =  7.4  x  10-4  S  cm-1  at  700  °C)  shows  a  significant  conductivity 
despite  the  absence  of  oxygen  vacancies.  The  creation  of  a  limited 
number  of  anionic  vacancies  (x  =  0.4,  0.8  and  1)  improves  the 
conductivity  with  a  slight  variation  of  the  activation  energy  (in  the 


order  of  0.1  eV).  The  appearance  of  oxygen  vacancies  therefore  fa¬ 
cilitates  the  diffusion  of  oxygen  through  the  structure.  The  creation 
of  oxygen  vacancies  in  the  channels  should  probably  change  the 
profile  of  the  diffusion  pathways.  It  is  not  easy  to  correlate  the  di¬ 
mensions  of  the  conduction  channels  in  lattice  parameters,  but  it 
can  be  assumed  that  the  best  conductivity  (for  x  =  1  aluminum 
atoms  per  unit  cell)  is  due  to  an  expansion  of  the  channels  (La(l  )— 
0(4)  distance).  The  best  conductivities  attained  were  2.75  x  1CT3 
and  5  x  10-3  S  cm-1  at  700  and  750  °C  respectively  for  x  =  1, 
compared  with  the  literature  [39,42,43],  which  is  lower  than  re¬ 
ported  for  yttria  stabilized  zirconia  (YSZ)  electrolyte  [40]  (  'able  3). 
The  favored  electrolyte  is  YSZ,  which  exhibits  a  good  oxide  ion 
conductor  at  high  temperatures. 
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Fig.  8.  Impedance  plots  at  different  temperatures  of  La9.33Si6_xAlx026-x/2|:|x/2  (*  =  0.4,  0.8  and  1 ). 
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Fig.  9.  Arrhenius  plots  of  conductivity  of  La9.33Si6_xAlx026-x/2Dx/2  (x  =  0.4,  0.8  and  1 ). 
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Fig.  10.  Temperature  dependence  of  bulk  and  grain  boundary  conductivity  of  La9.33Si6026. 


Fig.  11.  Plots  of  the  conductivity  at  700  °C  and  La(l)-0(4)  distance  with  Al  content. 
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4.  Conclusion 

Substituted  oxide  conductors  with  the  formula 
Lag.33Si6-xAlx026— x\2ux\2  have  been  prepared  by  solid  reaction  syn¬ 
thesis  at  high  temperature.  The  aim  was  to  create  oxide  ion 
vacancies  and  to  study  their  influence  on  the  electrical  properties 
of  the  material.  Structural  features  of  the  oxyapatite 
(Lag.33Si6-xAlx026-x/2|=|x/2)  series  have  been  deduced  by  the  Rietveld 
analysis  of  XRD  patterns.  The  conductivity  for  Al-doped  oxyapatites 
and  the  La(l)— 0(4)  distances  increased  with  the  Al  content 


Table  3 

Conductivity  values  reported  in  the  literature. 


Compounds 

Conductivity  (S  cm  1)at700°C 

Ref. 

LaioSi5A1026.5 

1.95  x  10  3  sintered  at  1500  °C 

1.55  x  10~3  sintered  at  1450 

[39] 

La9.s3Si4.5Al1.5O26 

7.9  x  10  4  sintered  at  1500  °C 

[39] 

La9.s3Si5AlO26.25 

9.9  x  10  4  sintered  at  1500  °C 

[42] 

LaioSi5A1026.5 

1.2  x  10~3  sintered  at  1470  °C 

[42] 

La9.67SisA1026 

0.9  x  10  4  sintered  at  1470  °C 

[42] 

La9.33Si5A1025.5 

2.75  x  10  3  sintered  at  1450  °C 

This  work 

Lalosi5.5Alo.5026.75 

4.6  x  10  3  (800  °C)  sintered  at  1400  °C 

[43] 

La9.83Si5.5Alo.5026.5 

5.2  x  10  4  sintered  at  1500  °C 

[42] 

Zro.85Yo.15O,. 93  (8YSZ) 

6.2  x  10  3  at  600  °C  and  5.0  x  10~2 
at  800  °C 

[44] 

Lag  42Si5  75AI0  25O26 

1.6  x  10~4  sintered  at  1470  °C 

[42] 

increase  in  the  structure.  The  conducting  channels  must  be  large 
enough  to  allow  the  diffusion  of  the  oxide  ions.  Lanthanum  silicates 
doped  with  trivalent  Al3+  have  a  higher  conductivity  than  undoped 
Lag.33Sie026.  At  750  °C,  sample  x  =  \  has  the  highest  conductivity 
(5  x  10~3  S  cm-1),  which  is  considerably  higher  than  that  of 
undoped  Lag.33Sie026.  This  compound  is  therefore  a  candidate  to  be 
used  as  an  electrolyte  in  solid  oxide  fuel  cells  at  high  temperatures. 
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